The complete genomic DNA sequence of the aero/anaero-facultative archaebacterium, Thermoplasma volcanium GSS1, has been determined. A number of DNA fragments were cloned by using the X, cosmid, and BAC systems, and sequenced. The remaining 30 gaps were bridged by DNA fragments constructed using the polymerase chain reaction. The repetition in sequencing the same base positions was 13.1 ± 7.5 fold. The alignment of the DNA fragments and the completeness of the genomic sequence were confirmed by the consistency of the genomic sequence with the lengths and partial sequences of a second set of DNA fragments that altogether covered 88% of the genome. The number of bases found in the genomic sequence is 1,584,799, with a G/C content of 39.9%. The combination of the four types of bases in the new genomic sequence is compared with those in known genomic sequences of similar sizes.
Hitachi Science Systems, Ltd., acidophile, which can adapt to both aerobic and anaerobic environments. It has been hypothesized that this organism is closely related to an ancient archaebacterium that later evolved to the nuclei of eukaryotic cells.2~ In this paper we report on the process used in the determination of the genomic sequence of T volcanium.
Sequencing strategy.
The number of bases that can be realistically determined in a single sequencing step, 1, is far smaller than the total number of bases, L, found in a genomic DNA molecule. Thus, in order to determine a complete genomic sequence, the DNA molecule needs to be divided recursively until a set of fragments of the lengths close to l are obtained. After sequencing these fragments, the complete sequence can be reconstructed by climbing up the recursive tree to its peak, and by connecting the fragmental sequences at each level. Since overlaps need to be created between the neighboring fragments at each level, the total number of bases that practically need to be sequenced, rL, becomes larger than L. Here, r defines the overall repetition in sequencing the same base positions. meets are sequenced, until the fragmental sequences altogether cover the whole genome. However, instead of applying this strategy, in this study two levels of DNA fragments were prepared. The archaebacterium T volcanium was cultured in an aerobic environment by a reported method.l~ Its genomic DNA molecule was extracted following protocol 14 in ref. 3 . Approximately 500 DNA fragments with apparent sizes close to 20 K bases were cloned using the 74) cloning system . In parallel, another set of 384 DNA fragments with sizes close to 0.5 K bases were cloned using the pUC85~ vector. By hybridization of the pUC8 clones to the library of clones, pairs of A clones that hybridized to the same pUC8 clones, and thus were expected to contain DNA fragments that overlapped each other, were identified. Altogether 1212 clones were ordered into 46 contigs. Approximately 100 fragments of the Thermoplasmu DNA were cloned using the cosmid6~ cloning system, and another 200 DNA fragments were cloned using the BAC7~ cloning system. By hybridization of these clones with the ) clones whose DNA fragments were identified to be positioned at the ends of the 46 contigs, l cosmid and 16 BAC clones were identified as bridging some of the contigs. The numbers of bases in the DNA fragments cloned by the ), cosmid, and BAC systems were 15,576± 4,340, 35,040, and 22,640± 25,528, respectively. The whole genome was finally covered by bridging the remaining 30 gaps (Fig, la) by amplifying the DNA fragments bracketed by the nucleotide sequences of the both ends of the gaps of approximately 20 bases each, by the polymerase chain reaction (PCR)8 using the genomic DNA as the template. The numbers of bases in the PCR products were 7,499 ± 5,748. These and the 138 fragments cloned by the ~, cosmid, and BAC systems composed the first sequencing level. At the second level, altogether 34,217 DNA fragments were created by sonication of the fragments at the first level, and sequenced. The average number of bases determined using these individual fragments was 600 ± 137. Confirmation of the sequence. A slight complication was introduced to the sequence determination, as approximately 30% of the clones were found to contain 2-4 distinct different fragments of the Thermoplasma DNA. These fragments occurred in succession at the GATC cloning sites, and were detected by comparing their sequences with the sequences of the DNA fragments expected to be overlapping.
In order to confirm the alignment of the DNA fragments and the completeness of the determined genomic sequence, a new set of 600 DNA fragments were cloned by using the . system with a modified protocol. In the new protocol DNA fragments of 10-20 K bases only were selected, by eliminating contaminating shorter fragments as much as possible, before the ligation reaction.
Since the maximum size of a DNA fragment that can be cloned by the system is smaller than 20 K, only one fragment was expected to be cloned by each vector. Of 112 of these fragments 100-150 bases at both ends were sequenced. The lengths of these fragments were estimated on the basis of their electrophoretic mobility, and these estimations differed by less than 2,000 bases from what were calculated from the determined genomic sequence.
In addition, 7 cosmid clones were selected at random from the original library. Of the DNA fragments 100-150 bases at the both ends were sequenced, and were compared with the genomic sequence. Fragments of DNA were amplified by the PCR method in order to bridge 21 gaps. Altogether these covered 88.0% of the whole genome in 21 contigs (Fig. la) . The remaining 12.0% correspond to the regions which were sequenced multiple times by using at least two clones.
The genomic DNA molecule of T volcanium is closed circular, and the number of bases found in the complete genomic sequence is 1,584,799. This number is close to our earlier estimate of 1.6 M, made on the basis of the electrophoretic mobility of the genomic DNA molecule. The G/C content is calculated as 39.9%. This value is very close to our earlier estimate of 38%, made on the basis of an HPLC analysis of the bases obtained by treating the genomic DNA molecule with P1 nuclease. It is not so different from another estimate, 46%, made by another group on the basis of the melting temperature of the genomic DNA molecule. ' Of all the bases, 1,530,933 bases were determined by sequencing both DNA strands, altogether covering 96.6% of the genome. By sequencing either of the two strands singly, 53,866 bases were determined (i. e. 3.4% of the genome).
Repetition in sequencing the same base positions.
In the past, the r value was defined as the practical number of bases sequenced in order to sequence the whole genome at least once. The value was an estimation of the trouble, and thus was referred to as the redundancy. However, the r value has more useful information. Sequencing a genome only once can be erroneous, and thus, the overall r value needs to be reasonably high, although further repetition beyond some point is meaningless. The same overall r value can be reality, the L to l ratio can be as high as 3,000. If the overall r value is kept constant to n, increase in the L to 1 ratio will not change the mode value of r much ( Fig. 2b ), but will increase the position-dependent deviation of r, until the L to I ratio reaches 2-3. Beyond this point, this effect on the deviation of r rapidly decreases (Fig. 2b) .
It appears to be unlikely that the current technology of sequencing will so dramatically improve that the l number approaches close to L. By dividing the genome into ordered fragments of the size L,,,, and by applying the two level sequencing strategy, the effective L to l ratio can improve close to L1z/l. However, the current realistic L,,/l number, 30-40, is larger than 2-3, and thus the distribution of r is insensitive to the value (Fig. 2b) . (a) Map of the DNA fragments used for the sequence determination (outer) and those used for the confirmation of the determined sequence (inner). Different colors are used for representing the types of the fragments: in the outer set, green for those cloned by the d, system, blue for those cloned by the BAC system, red for that cloned by the cosmid system, and crimson for PCR-amplified fragments, and in the inner set, yellow green for those cloned by the A system, light brown for those cloned by the cosinid system, and brown for PCR-amplified fragments. [Vol. 75(B), Lm becomes close to that of l (i. e. by ordering DNA fragments of 500-600 bases).
Another disadvantage to applying the two level sequencing strategy is the necessity of creating overlaps between neighboring fragments at the first level. In order to determine the sequence of each fragment at the first level, if bases need to be sequenced m times by using the fragments at the second level made from the fragment at the first level, overlaps at the first level produces the repetition of 2m locally. Therefore, the distribution of r becomes bimodal, with peaks at m and 2m, and broader (Fig. 2a) .
In our process of the sequence determination, the average number of bases in the fragments at the first level was 14.9 K. On average, 36.8% of the bases in each such fragment were overlapped by other fragments. The repetition for climbing up the levels, m, was 8.1(distribution 1 in Fig. 2a) , while the overall sequencing repetition, r, was then 13.1 (distribution 2 in Fig. 2a ). In theory, by applying the single level sequencing strategy with a similar overall repetition, distribution of r that is characterized by a smaller standard deviation can be created (distribution 3333 with the r value of 13 in Fig. 2b) . Difficulty in assembling fragmental sequences.
In reality, different types of uncertainty can be associated with the single level sequencing strategy. Fragments of DNA might not really be created at random with the r value as high as 13.1. Cleavage of DNA by sonication tends to take place at particular combinations of bases (Ohfuku, Y. et al., unpublished). In addition, the target genomic sequence might possess some structure that would prevent application of this strategy; for example, genomic sequences such as [An] [Tn] [Gn] [Cn] or (ATGC)n, where n is 400,000, cannot be determined by this strategy. More generally, if two sections positioned outside the distance l have the same combination of bases, a serious problem will occur, since, upon assembling the fragmental sequences, the two sections are indistinguishable. However, this issue can be avoided, if the two level sequencing strategy is applied, and if the distance is larger than Lm.
In order to find such internal structure, dot matrices for calculating matches of two sequences were made by using the genomic sequence of T volcanium as the query sequence as well as the reference sequence (Fig.  3b) . As expected, a diagonal row of dots was observed, proving that the two sequences being compared were the same. This row is not important and thus was deleted from the matrix. Still, a number of dots remained, showing pairs of sections of 350 bases whose DNA sequences were similar to each other. The number of the pairs was counted by enhancing the signals (Fig. 3a) , and was compared with equivalent numbers counted for known genomic DNA sequences (Fig. 3c) . This number is an indicator for evaluating the difficulty of assembling fragmental sequences. Among the genomic sequences compared, that of T volcanium had one of the lowest numbers, suggesting that application of the single level sequencing strategy to this genome is possible. Shannon's entropy. The central chemical reaction in the standard sequencing procedure is the polymerase reaction that incorporates dye-labeled nucleotides into the complementary strand by following the template DNA strand. The efficiency of this reaction has some dependency on the nucleotide sequence; most notably, sequences having high local percentages of single types of bases tend to be incorrectly produced.
Shannon's entropy9~ for the combination of the For example, a sequence that has PA of 0.7, and the other three frequencies of 0.1, produces the 2-S value of 0.65. The 2-S value was calculated for each segment of 20 bases in the genomic sequence of T volcanium (Fig.  lc) . Sections whose 2-S values were higher than a threshold were selected, and the sum of these 2-S values was calculated (Fig. 3d) . The equivalent sums were cal- [Vol. 75(B), culated for the genomic sequences of 4 other archaebacterialo)-13) and 4 eubacterial4)-17) of similar sizes, 1.50-2.18 M bases. The same type of calculation was repeated with random sequences of the same size as that of TT volcanium. Artificial sequence 1 was created, so that it possessed the same content of the four bases as those in TT volcanium, while artificial sequence 2 possessed the equal content of the four types.
The genomic sequence of Methanococcus jannaschii10) showed extremely high values of the sum of 2-S at various thresholds (Figs. lc and 3d) . Neglecting MM jannaschii, the archaebacterial sequences scored the sum values, in general, smaller than those calculated with the eubacterial sequences. The sums calculated for the sequence of T volcanium were, in general, higher than those calculated for the sequences of three other archaebacteria, Archaeoglobus fulgidus, l l) Pyrococcus sp. OT3,13) and Methanobacterium thermoautotrophicum.l2) Algorithmic information.
According to Shannon, any combination of the AITIGIC bases in the same length can have the same information content.9) In contrast, the algorithmic information content18)-20) is measured by the most concise algorithmic process that reconstructs a sequence. If a sequence does not possess any structure, describing the full sequence is the most concise algorithmic process. However, the sequences, In a broad sense, difficulty in sequence determination originates with structure in the genomic sequence, and thus, the algorithmic information content of a sequence might be a good indicator of overall difficulty of the sequence determination. Unfortunately, it has been proved by Chaitin2l) that precise calculation of the algorithmic information content is not possible. There always is a possibility that unidentified structure remains in the sequence studied; the known content being the maximum limit.
All the genomic sequences studied in this paper have structures (Fig. 3c,d) , and their algorithmic information contents appear to be far smaller than what is expected for a "totally randomized" sequence. As has been pointed out by Shannon, 22) 
